Mutations of the oncogene PIK3CA occur frequently in endometrial carcinomas, but their prognostic significance is unclear. To determine the clinicopathological and molecular implications of these mutations, PIK3CA status was investigated in 109 endometrial (102 endometrioid and 7 mixed) carcinomas and the results were compared with clinicopathological parameters associated with prognosis. Tumors were also investigated for microsatellite instability and PTEN, b-catenin gene (CTNNB1), K-RAS, and B-RAF mutations. We found 35 PIK3CA somatic missense mutations in 32 (29%) endometrial carcinomas. Eighteen mutations occurred in exon 20 (kinase domain), and 17 in exon 9 (helical domain). Almost all mutated tumors were pure endometrioid adenocarcinomas. All tumors with PIK3CA mutations exhibited myometrial invasion (P ¼ 0.032). Lymphovascular invasion was found more frequently in mutated (28%) than nonmutated carcinomas (18%). Histological grade varied significantly according to the location of the PIK3CA mutations whether in exon 9 or exon 20 (P ¼ 0.033). The frequency of exon 9 mutations was higher in grade 1 carcinomas (57%) than in grade 2 (29%) or grade 3 (14%) tumors. Conversely, mutations in exon 20 were more common in grade 3 (60%) than in grade 2 (20%) or grade 1 (20%) carcinomas. None of the tumors confined to the endometrium (stage IA) had PIK3CA mutations. Furthermore, whereas 64% of adenocarcinomas with exon 9 mutations had invaded r1/2 of the myometrial thickness (stage IB), 73% of tumors with exon 20 mutations had either deeper myometrial invasion (stage IC) or cervical involvement (stage II) (P ¼ 0.045). PIK3CA mutations coexisted with microsatellite instability and mutations in PTEN, CTNNB1, K-RAS, and B-RAF genes. These results favor that PIK3CA mutations are associated with myometrial invasion and, moreover, that tumors harboring PIK3CA mutations in exon 20 are frequently high-grade, deeply invasive endometrial carcinomas that tend to exhibit lymphovascular invasion.
Endometrial carcinoma is the most common malignant tumor of the female genital tract in the Western world. 1 Over 80% of cases are estrogen-related well-differentiated to moderately well-differentiated endometrioid adenocarcinomas, which are confined to the uterine corpus at diagnosis (stage I), and thus most of them can be cured. While favorable in most cases, the prognosis of stage I endometrioid adenocarcinomas varies significantly depending on histological grade, depth of myometrial invasion, and presence or absence of lymphovascular invasion. Patients with high-grade tumors that invade 41/2 of the myometrial thickness or exhibit lymphovascular invasion have a high risk of regional lymph node metastases and require adjuvant therapy. 2 Within the last decade, several genetic alterations, including microsatellite instability, [3] [4] [5] PTEN alterations, [6] [7] [8] and mutations of K-RAS 9-11 and CTNNB1 (b-catenin), 12, 13 have been discovered in endometrioid adenocarcinomas and their prognostic significance widely investigated. Although microsatellite instability was initially thought to be associated with a favorable outcome, 14 recent data, obtained after excluding nonendometrioid carcinomas, have shown that the frequency of microsatellite instability is higher in high-grade and advanced stage tumors with deep myometrial and lymphovascular invasion. 15, 16 Similarly, earlier investigations suggested that PTEN mutations were associated with low-stage, nonmetastatic disease, and prolonged survival; 17 however, subsequent studies reported that mutations only outside exons 5-7 of PTEN might represent a molecular predictor of favorable survival, independent of the clinical and pathological characteristics of the tumors. 18 Also, promoter methylation of PTEN has been associated with advanced stage in endometrial carcinoma. 19 In contrast, CTNNB1 (b-catenin) mutations are thought to represent a separate pathway in estrogen-driven endometrial carcinogenesis, resulting in low-grade, low-stage endometrioid adenocarcinomas with squamous differentiation and excellent prognosis. 20, 21 The phosphatidylinositol 3 0 -kinase (PI3K)/AKT signaling pathway is frequently activated in multiple human epithelial cancers, including endometrioid adenocarcinomas. [22] [23] [24] [25] In response to cell-surface receptor signals, PI3K phosphorylates phosphatidylinositol 4,5-biphosphate to generate the second messenger phosphatidylinositol 3,4,5-triphosphate. This, in turn, activates the AKT oncogenic pathway, directly counteracting the actions of the lipid phosphatase PTEN. 26 Activated AKT regulates the expression of various downstream target genes that inhibit apoptosis and promote cell proliferation. A high frequency of mutations of the oncogene PIK3CA, which encodes the p110a catalytic subunit of PI3K, has been recently identified in endometrioid adenocarcinomas. 25, 27, 28 These mutations are usually of the missense type and clustered in exon 9 (residues E542 and E545 of the helical domain) and exon 20 (residue H1047 of the kinase domain). However, in contrast to other epithelial cancers, no association has been found between the distribution of PIK3CA mutations and the traditional prognostic parameters of endometrioid adenocarcinomas. 25, 28 Given the reported role of PIK3CA mutations in tumor invasion and metastases, 29 we were interested in determining the clinicopathological impact of PIK3CA mutations in a large series of endometrial adenocarcinomas and their relationship with other genetic alterations also common in these tumors. We found that all carcinomas with PIK3CA mutations exhibited myometrial invasion and, furthermore, histological grade and depth of myometrial invasion varied significantly according to the distribution of mutations between exons 9 and 20.
Materials and methods
Tumor Samples and Genomic DNA One hundred and nine unselected endometrial adenocarcinomas were retrieved from the Tumor Bank of the Department of Pathology, Hospital de la Santa Creu i Sant Pau, Autonomous University, Barcelona, Spain. All available hysterectomy slides were reviewed using the World Health Organization classification, 30 and clinical data were obtained from the medical record. Tumors were staged and graded according to the International Federation of Gynaecology and Obstetrics (FIGO) guidelines. Genomic DNA was extracted by a standard procedure from frozen tumor and corresponding normal tissues. All cases were anonymized, and the study was approved by the institutional ethics committee.
PIK3CA, PTEN, b-Catenin Gene, K-RAS, and B-RAF Mutational Analysis PIK3CA, PTEN, b-catenin gene (CTNNB1), K-RAS, and B-RAF mutations were assessed on tumor DNA by polymerase chain reaction (PCR) amplification and subsequent sequencing analysis. Mutational analysis was performed using previously reported PCR conditions and primers for exons 9 and 20 of PIK3CA, 31 exons 1-9 of PTEN, 8 exon 3 of CTNNB1, 13 exon 1 of K-RAS, 11 and exons 11 and 15 of B-RAF genes. 32 The thermal cycling conditions included an initial 12 min at 941C, followed by 40 cycles of 45 s at 941C, 45 s at specific annealing primer temperature of 52-621C, 1 min at 721C, and a final extension of 10 min at 721C. The PCR conditions for exon 9 of PIK3CA were optimized to avoid mispriming with the PIK3CA pseudogene spanning exons 9-13 on chromosome 22 . 33 The PCR products were purified using the exoSAP-IT (USB, Cleveland, OH, USA) and subjected to direct sequencing using ABI PRISMt big Dye terminator v1.1 cycle sequencing Kit (Applied Biosystems, Foster City, CA, USA). Sequencing fragments were detected by capillary electrophoresis using an automated ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Microsatellite Analysis
Microsatellite instability status was determined by PCR using fluorochrome-labeled primers for the five recommended microsatellite markers (BAT 25, BAT 26, D2S123, D5S346, and D17S250). 34, 35 Primers and PCR amplification conditions were made as previously described. 5 Tumors were considered microsatellite instability positive when two or more altered markers were found. Individual PCRs were performed for each marker, and then each sample was capillary electrophoresed on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Statistical Analysis
Statistical analysis was performed with the statistical package SPSS/win 14.0 (SPSS, Chicago, IL, USA). The following parameters were evaluated: age, tumor size, histological type and grade, depth of myometrial invasion, lymphovascular invasion, clinicopathological stage, hormone receptor status, p53 protein expression, microsatellite instability status, presence of PIK3CA, PTEN, CTNNB1, K-RAS, and B-RAF mutations, and patients' outcome. A value of P ¼ 0.05 was considered statistically significant.
Results

Clinical and Pathologic Findings
The age of the patients ranged from 35 to 88 years (mean: 66 years). Tumor size varied from 0.4 to 8.8 cm (mean: 4 cm). Of the 109 cases, 102 (94%) were endometrioid adenocarcinomas and 7 (6%) were mixed carcinomas (5 endometrioid 
PIK3CA Mutations
Thirty-five PIK3CA somatic missense mutations were identified in 32 of the 109 (29%) endometrial carcinomas. Eighteen occurred in the kinase domain (exon 20) and 17 in the helical domain (exon 9). Three carcinomas carried more than one mutation in Figure 1 ). The most commonly mutated codons were 542 (4 cases; 11%) and 545 (12 cases; 33%) in exon 9 and 1047 (8 cases; 22%) in exon 20. In addition, a novel mutation was found and confirmed in codon 1017 of exon 20. This mutation, which was a G to C transversion converting aspartic to histidine (D1017H), has not been reported previously either in the literature or in the Catalog of Somatic Mutations in Cancer (http:// www.Sanger.ac.uk/genetics/CGP/cosmic). All mutations are listed in Table 1 .
Correlations with Clinicopathological Variables
Almost all (91%) mutated tumors were pure endometrioid adenocarcinomas, whereas only three of the seven mixed carcinomas (two endometrioid carcinomas (clear cell) and one endometrioid carcinomas (serous)) had PIK3CA mutations. Microdissection was performed in the mixed carcinomas to sample the different components. PIK3CA mutations were found in the endometrioid component in all three cases. All tumors with PIK3CA mutations exhibited myometrial invasion (P ¼ 0.032). Although mutated tumors had a higher frequency of lymphovascular invasion (9 of 32; 28%) than nonmutated carcinomas (13 of 73; 18%), this association was not statistically significant (P ¼ 0.198).
Histological grade varied significantly according to the distribution of PIK3CA mutations between exons 9 and 20 (P ¼ 0.033). Mutations in exon 9 were found more frequently in grade 1 (8 of 14; 57%) than grade 2 (4 of 14; 29%) or grade 3 (2 of 14; 14%) tumors. In contrast, mutations in exon 20 were more common in grade 3 (9 of 15; 60%) than grade 2 (3 of 15; 20%) or grade 1 (3 of 15; 20%) carcinomas. Such association was lost when all mutations (exons 9 and 20) were taken into account (Table 2 ). In addition, both the presence and distribution of PIK3CA mutations correlated with stage. None of the tumors confined to the endometrium (stage IA) had PIK3CA mutations. Furthermore, whereas 9 of 14 adenocarcinomas (64%) with exon 9 mutations had invaded r1/2 of the myometrial thickness (stage IB), 11 of 15 (73%) tumors with exon 20 mutations either had deeper myometrial invasion (stage IC) or cervical involvement (stage II) (P ¼ 0.045). The three tumors carrying more than one (both exons 9 and 20) mutation exhibited clinicopathological features similar to those of carcinomas with exon 20 mutations only. The distribution of PIK3CA mutations between exons 9 and 20, according to the histological grade and stage of the tumors, is shown in Figure 2 . No correlations were found between PIK3CA mutations and other clinicopathological parameters.
Correlations of PIK3CA Mutations with Other Molecular Alterations
A summary of the molecular genetic findings is shown in Tables 3 and 4 . PTEN mutations were 9  A1625T  E542V  1  9  G1624A  E542K  3  9  G1635C  E545D  4  9  A1634G  E545G  2  9  G1633A  E545K  4  9  A1634C  E545A  2  9  A1637G  Q546R  1  20  G3052C  D1017H   a   1  20  T3061C  Y1021H  1  20  A3062C  Y1021C  2  20  A3073G  T1025A  1  20  G3103A  A1035T  1  20  A3127G  M1043V  1  20  A3140G  H1047R  8  20  C3155A  T1052K  1  20  A3194T  H1065L  2 a Novel PIK3CA mutation. 
Discussion
The PI3K/AKT pathway is frequently activated in endometrial adenocarcinomas, and a high percentage of mutations of the oncogene PIK3CA have recently been reported. 25, 27, 28 However, in contrast to other epithelial cancers, such as colorectal 31, 36 and breast carcinomas, 37, 38 no correlation has been found between the distribution of PIK3CA mutations and grade and stage of disease. Given the recently reported role of PIK3CA mutations in tumor invasion and metastases, 29 we analyzed the PIK3CA status in a large series of endometrial adenocarcinomas and compared the results, between PIK3CA-mutated and PIK3CA-nonmutated groups, with the clinicopathological parameters known to be related to prognosis.
The reported frequency of PIK3CA mutations in endometrial carcinoma ranges from 24 to 39%. 25, 27, 28 Mutations were found predominantly in exon 20 in two studies, 25, 27 and evenly distributed between exons 9 and 20 in a third. 28 In our series, we encountered 35 mutations in 32 (29%) tumors, and almost all (91%) were pure endometrioid adenocarcinomas. Microdissection of the different histologic components was performed in the three mixed carcinomas with PIK3CA mutations, which were found in the endometrioid component in all three cases. Eighteen mutations were identified in the kinase domain (exon 20) and 17 in the helical domain (exon 9). Three tumors had more than one mutation in exons 9 and 20. Although, in agreement with previous studies, most mutations (67%) were clustered in hot spots E542 and E545 of exon 9 and H1047 of exon 20, rare mutations were also found. It was initially thought that rare mutations would not confer as much growth advantage as hot spot mutations; however, recent data indicate that rare PIK3CA mutations in those domains may also result in gain of lipid kinase activity. 39 Only the helical (exon 9) and kinase (exon 20) domains of PIK3CA have been analyzed in this study. Recently, the frequency and distribution of PIK3CA mutations were reviewed in a total of 2.334 tumor samples corresponding to colon, breast, liver, brain, stomach, lung, and ovary. 40 It was found that 91% of the mutations occurred in exons 9 and 20. Moreover, the role of mutations outside of those domains is unclear. Previous studies in various epithelial cancers have found that PIK3CA mutations are mainly associated with high-grade and invasive tumors. 31, [36] [37] [38] For instance, in colorectal carcinomas, their frequency was significantly greater in highgrade and advanced carcinomas (32%) than in lowgrade tumors (3%). 31 Similarly, a higher rate of PIK3CA mutations was found in invasive lobular and ductal breast carcinomas than in other histologic types associated with more favorable prognosis. 37 Also, it has been shown that PIK3CA mutations occur in colorectal adenomas when the neoplastic cells acquire the ability to invade. 31 In a comparative study of 44 endometrioid adenocarcinomas and 29 precursor lesions (complex atypical hyperplasias), PIK3CA mutations were identified in 39% of the former but only 7% of the latter, suggesting that such mutations represent a late event in endometrial carcinogenesis and are associated with invasion. 28 However, in contrast to colorectal and breast carcinomas, a correlation between PIK3CA mutations and tumor grade or clinicopathological stage was neither encountered in this 28 nor in a previous mutational study of 66 endometrial carcinomas. 25 Conversely, we found that tumor grade varied significantly according to the distribution of PIK3CA mutations between exons 9 and 20 (P ¼ 0.033). Whereas in most grade 1 carcinomas the mutations were identified in exon 9 (57.1%), the majority of grade 3 tumors (60%) had mutations in exon 20. In addition, all tumors with PIK3CA mutations exhibited myometrial invasion (P ¼ 0.032) and, moreover, the depth of myometrial invasion correlated also with the occurrence of the mutations either in exon 9 or exon 20. While most adenocarcinomas with exon 9 mutations (64%) had invaded only r1/2 of the myometrial thickness (stage IB), the majority of tumors with exon 20 mutations (73%) had either deeper myometrial invasion (stage IC) or cervical involvement (stage II) (P ¼ 0.045). Also, mutated tumors had a higher frequency of lymphovascular invasion (28%) than nonmutated carcinomas (18%).
Our findings provide evidence that not only PIK3CA mutations are associated with adverse prognostic parameters in endometrial adenocarcinomas but also their location either in exon 9 or exon 20 carries a different prognosis. The distinct association of different PIK3CA mutations with histologic grade and depth of myometrial invasion is consistent with the recent suggestion that different categories of mutants, as defined by their structural and functional domains, would increase PI3K function by different mechanisms. 39 Mutations in the kinase domain of exon 20 are close to the hinge region of the catalytic loop and would lead to its activation; in contrast, mutations in the helical domain of exon 9 are clustered on an exposed PIK3CA in endometrial adenocarcinoma L Catasus et al surface patch of the protein and would change its ability to interact with other regulatory proteins, which may vary for each tissue. 39 Thus, the different mechanisms by which the two categories of PIK3CA mutations induce a gain of function may explain their different impact on tumor grade and myometrial invasion, as found in our study.
Three tumors in our series carried more than one mutation, each in different functional domains of exons 9 and 20. Rare cases of double mutations have also been reported in gastric and breast cancers, 23, 38 but their significance is unknown. Recent investigations suggest that mutations located in the same exon do not produce an additive gain of function, whereas mutations in different exons increase the kinase activity. 39 Accordingly, the three cases in our study with more than one mutation were advanced tumors and exhibited pathologic features similar to those of carcinomas with mutations in exon 20 only.
We also investigated the occurrence of microsatellite instability and mutations of PTEN, CTNNB1, K-RAS, and B-RAF in endometrial carcinomas with PIK3CA mutations. Recent studies in colorectal and breast cancer 38, 41 have claimed that PIK3CA and PTEN mutations are mutually exclusive, suggesting that carcinogenic signaling through this pathway can occur either through activation of PIK3CA or inactivation of PTEN. However, in endometrial carcinoma, three recent studies 25, 27, 28 have found the coexistence of PIK3CA and PTEN mutations ranging from 15 to 27%. In one of these investigations, 28 PTEN mutations occurred in 48% of complex atypical hyperplasias and 57% of endometrioid adenocarcinomas; however, the frequency of PIK3-CA mutations was significantly lower in hyperplasias than in endometrioid adenocarcinomas (7 vs 39%). In our series, PTEN mutations were detected in 54% of endometrioid adenocarcinomas and coexisted with PIK3CA mutations in 17% of cases. PIK3CA mutations were more common in tumors with PTEN mutations (32%) than in those without PTEN mutations (26%); nevertheless, they were not found to be significantly clustered with PTEN mutations. Microsatellite instability was found in approximately one-third of the tumors in our series; however, association of microsatellite instability with PIK3CA mutations occurred in only 11% of cases. Although PIK3CA mutations were slightly more frequent in microsatellite instability (32%) than in microsatellite stable carcinomas (28%), the difference was not statistically significant.
We detected CTNNB1 mutations in 22% of carcinomas and coexistence with PIK3CA mutations in 5%. We found a lower rate of PIK3CA mutations in tumors with CTNNB1 mutations than in carcinomas without CTNNB1 mutations (21 vs 32%). Our results are consistent with the finding of CTNNB1 (b-catenin gene) mutations predominantly in early-stage tumors associated with favorable prognosis. 13, 21, 42 PI3K/AKT and RAS are closely related signaling pathways. RAS can activate PI3K both directly and indirectly. 31 Mutations in the K-RAS proto-oncogene are identified in approximately 15-30% of endometrioid adenocarcinomas. [9] [10] [11] In contrast, the frequency of B-RAF mutations is significantly lower. [43] [44] [45] It has been suggested that PIK3CA and K-RAS mutations are mutually exclusive alterations. 27 However, in our study, K-RAS mutations were detected in 17% of cases and coexisted with PIK3CA mutations in 4%. This discrepancy might be caused by the difference in the number of cases studied. We found B-RAF mutations in only two cases and, interestingly, they coexisted with PIK3CA mutations, suggesting a possible synergistic effect.
In summary, our study confirms that PIK3CA mutations are frequent in endometrial adenocarcinomas and coexist with microsatellite instability and mutations in PTEN, CTNNB1, K-RAS, and B-RAF. It provides evidence that tumors carrying PIK3CA mutations are often high-grade carcinomas associated with myometrial invasion. Moreover, it shows evidence that carcinomas with PIK3CA mutations in exon 20 exhibit higher histological grade and deeper myometrial invasion than those with exon 9 mutations.
